cycle. During the propagation of the HSSs from the Sun to Earth, they interact with slow speed streams, forming corotating interaction regions or CIRs. These CIRs interact with the Earth's magnetosphere and cause moderate geomagnetic storm main phases. The main difference of this type of geomagnetic activity from those associated with interplanetary coronal mass ejections (ICMEs) during solar maximum is its relatively moderate storm intensities (Dst rarely goes below −100 nT). The HSS proper interaction with the Earth causes high-intensity, long-duration continuous auroral activity (HILDCAA) events (see the review by Tsurutani et al. (2006a) and references therein). The long-duration storm "recovery" phases associated with the HILDCAAs can last from several to ∼25 days (Tsurutani et al., 2006c) . In this case there is continuous external forcing of the Earth's magnetosphere, thermosphere and ionosphere.
A connection between solar wind and the Earth's ionosphere and thermosphere during CIRs/HSSs manifests itself in ∼7 and ∼9 day periodicities of different physical parameters. These periodicities have been shown to exist in thermospheric density variations at CHAMP altitudes (∼400 km) , thermospheric composition with GUVI on TIMED (Crowley et al., 2008) , the thermospheric energy budget , the global mean ionospheric total electron content (TEC) values , TEC values above CHAMP (Pedatella et al., 2010) , the NmF2 in ionosonde measurements , and the NmF2 and HmF2 in electron density profiles at COSMIC (Ram et al., 2010) . Liu et al. (2010) reported the existence of ∼9 day oscillations in the topside ionosphere, further connecting the bottom ionosphere and the magnetosphere. Burns et al. (2012) used NCAR TIE-GCM to simulate ionospheric response to HSSs in 2008. They showed positive, lasting storm effects on NmF2 in mid-latitude ionosphere. These results underline the importance of heliospheric drivers for ionospheric and thermospheric dynamics in the declining phase of a solar cycle.
A solar sunspot minimum is typically considered as having low to moderate geomagnetic activity, with few or no major magnetic storms occurring during this time. CIRs and HSSs are also considered the main drivers for geomagnetic activity in the recent solar minimum, but their effects are significantly diminished (Tsurutani et al., 2011a) . Our study will include CIR/HSS intervals of the late declining phase and the solar minimum (2008) , and the minimum geomagnetic activity interval (2009) of the SC23 solar cycle.
It is well known that energy input into the magnetosphereionosphere system during the solar declining phase, averaged over a year, can be comparable or even often higher than during solar maximum years when ICMEs dominate solar (and geomagnetic) activity (Tsurutani et al., 1995 (Tsurutani et al., , 2006a Kozyra et al., 2006; Turner et al., 2006 Turner et al., , 2009 . Recurrent HSSs were found responsible for elevated energetic electron flux in the Earth's outer radiation belt during the last solar minimum (Gibson et al., 2009) . Kozyra et al. (2006) have found a higher total energy deposition into the auroral atmosphere during HSS events than during solar maximum intervals. has shown that average electron flux causing auroras (from POLAR images) during CIR storms/high-speed streams is higher than during recovery phases of intense magnetic storms. Recently, a study by Turner et al. (2009) illustrated that, in general, CIR-driven storms were somewhat more efficient at coupling solar wind energy into the magnetosphere than ICME storms with the efficiency of energy transfer from the solar wind to magnetosphere as 73 % to ∼63 %. It is important to note that about ∼50 % of the energy is converted into Joule heating alone. An extensive study conducted by over three solar cycles showed that ∼50 % of the auroral electron power is associated with HSS structures (compared to 32 % in transients and ICMEs). estimated that event-integrated energy of thermospheric infrared radiation is higher during a sample HSS interval than during a CME-type storm.
It is known that the major source of heating at high latitudes is direct solar EUV, which only occurs on the dayside atmosphere. The EUV level was extremely low during the last solar minimum . Here we will focus exclusively on interplanetary (solar wind) drivers for the ionospheric and atmospheric activity. Analysis of thermospheric heating in 1975-2003 based on the Dynamics Explorer had shown that Joule heating was the major contributor to variability of the thermospheric power and dominated the auroral zone (Knipp et al., 2004) . Recently, Knipp et al. (2011) estimated the Poynting flux sorted by solar wind flow type. Their result showed that energy influx into the high-latitude magnetosphere between transients (ICMEs) and HSSs are about comparable. Huang et al. (2012) , also using DMSP measurements, showed an increase in auroral zone Joule heating with increased solar wind speeds.
The infrared energy budget of the thermosphere throughout the solar cycle has been extensively studied by Mlynczak et al. (2007 Mlynczak et al. ( , 2008 Mlynczak et al. ( , 2010a and Hunt et al. (2011) . It has been shown that the variability in solar ultraviolet radiation controls the long-term variability of the infrared radiation from nitric oxide (NO), which cools the thermosphere. Occasionally, infrared radiation power exceeds solar radiation input . These events were attributed to additional energy input due to geomagnetic activity (Mlynczak et al., 2010b) . Lu et al. (2010) have shown that Joule heating dissipation is responsible for thermospheric temperature and NO density increases and thus radiative emission by NO in the thermosphere during geomagnetic storms. Geomagnetic/auroral activity in general is suggested to cause most of the thermospheric radiated power variability (Solomon et al., 1999; Marsh et al., 2004; Mlynczak et al., 2010b; . Recurrent and continuous driving of the high-latitude magnetosphere and ionosphere by HSSs leads to increases in NO temperature and density and causes Ann. Geophys., 31, 263-276, 2013
www.ann-geophys.net/31/263/2013/ multi-day oscillation of NO cooling rates . Kozyra et al. (2006) emphasized the importance of NO production by auroral electron precipitation to the atmosphere during strong HSS activity. They mentioned consequences for coupling to the stratosphere and possible climate modification (see also Marsh et al., 2004) . In this paper we will use the daily averaged power of NO infrared thermospheric radiation derived from SABER instrument measurements onboard TIMED as a proxy for auroral energy influx and highlatitude thermospheric heating. We expect recurrent long-lasting moderate disturbances in the ionosphere and the thermosphere during the declining phase and solar minimum when HSSs are impinging on the Earth's magnetosphere. The goal of this paper is twofold: to identify the effects of HSSs on the ionosphere and atmosphere during the solar minimum and geomagnetic activity minimum phases (2008) (2009) ). These results then will be compared to a short HSS interval during the early declining phase of the solar cycle (2003) . Mechanisms for the thermospheric enhanced radiation and for the enhanced ionospheric total electron content will be discussed.
Data analysis
To study general dynamics of the vertical total electron content (VTEC) we utilize measurements from up to ∼200 GPS ground sites in the GPS global network of receivers. We use a three-shell ionospheric model to convert GPS satellite-to-site measurements of line-of-sight TEC values to VTEC values above an ionospheric pierce point (Mannucci et al., 1998 (Mannucci et al., , 1999 . Typical data cadence is ∼30 s. Global data are divided into several sets within different local times and latitude ranges. Resultant VTEC data sets are averaged over daily intervals. We use the following solar magnetic coordinate system (SM) to identify geomagnetic activity effects on the equatorial and mid-latitude ionosphere. The Z-axis is chosen parallel to the north magnetic pole and the Y-axis is perpendicular to the Earth-Sun (local noon) line (Knecht and Shuman, 1985; Mannucci et al., 1998) . The X-axis wobbles back and forth by ±11.5 • once every 24 h. In this paper we consider day-to-day global changes of the ionosphere in response to external solar wind driving.
Here we need to distinguish the late declining phase/solar minimum of the last solar cycle SC23 (2008) and the geomagnetic minimum phase (2009). Tsurutani et al. (2011a) have shown that a minimum in geomagnetic activity (MGA) is delayed relative to the solar cycle minimum to the middle to late part of 2009. They defined the MGA interval from the Ap index as being from DOY 97, 2008 to DOY 95, 2010 , with a deep minimum starting around the middle of 2009. Solar wind speed and Ap index 27-day averages have minima near the end of 2009/beginning of 2010 (see also The data (panels f-g) are taken from the OMNI database (with 5 min data cadence). Vertical magenta lines indicate several peaks in daytime low-latitude TEC (panel a) which correspond to the solar wind speed and Ap increases (panels f and g) to guide the eye.
We discuss the daytime ionospheric behavior first. The low-latitude range daytime VTEC (top panel, in black) is the highest among VTEC in all latitude ranges throughout two years (mostly due to contribution from equatorial ionization anomalies or EIAs) reaching ∼45 TECU for individual measurements. Daily averages range from ∼12 to 33 TECU with the annual mean values around ∼20 TECU. . It has been suggested that semiannual peaks of Earth-based parameters are primarily controlled by the 13.5-and 27-day periodicities in the solar activity (due to solar rotation) and their peak values can change throughout a solar cycle with the minima being around the solar cycle minimum . Daily temporal variability in the vicinity of each ground GPS site as well as variability from one location to another (within the 2-h local time window) both contribute to the daily standard deviation parameter (shown by gray shading in the figure). This parameter is higher for low latitudes.
Nighttime low-latitude VTEC (around ∼8 TECU) and its daily variability (or standard deviation of daily values) 40, 70, 90, 110, 170, 190, 220, 230, 240, 250, 260, 280, 310, 320 and 340 in 2008 and ∼16, 30, 45, 70, 80, 100, 130, 155, 200, 230, 260, 300, 340 and 350 Geomagnetic activity during storms is often described by the Dst index, which is a quantitative measure of disturbances in the Earth's magnetic field derived from measurements at several middle-latitude geomagnetic observatories. In this paper we use the SYM-H index, a high-resolution (1 min) measure of disturbances in the symmetric ring current, which is essentially the same as the Dst index (Mayaud, 1980; Wanliss and Showalter, 2006) . The ASY-H index (Sugiura and Chapman, 1960 ) is a proxy for auroral-related activity and describes the partial ring current asymmetry during geomagnetically disturbed conditions. (Tsurutani and Gonzalez, 1987) with maximum values at the leading/peak edges of HSSs (or at CIRs) (Tsurutani et al., 2004a) . In the MGA interval of 2009 we observe maximum AE values decrease to ∼800 to 1200 (especially around DOY 100 to 170). Minimum SYM-H increased to ∼ −30 nT. We will investigate further if the CIR/HSS-driven activity causes changes in global VTEC. Figure 2a and b show global power of infrared CO 2 and NO molecular line emissions. The values shown are daily averages over the globe derived from SABER measurements onboard the TIMED satellite (Mlynczak et al., 2010a) . One can notice a weak semiannual dependence in CO 2 emission power with decreases around ∼DOY 200 (see a detailed multi-year analysis in Mlynczak et al., 2008; Hunt et al., 2011) which may be related to solar rotational periodicities (see Emery et al., 2011) . No such anomaly is evident in NO emission power. A careful examination shows a correspondence between larger peaks in NO emission, small features in daily low-latitude VTEC, onsets of HSSs (solar wind speed) Tsurutani et al. (2011b) . Figure 3 has the same format as Fig. 1 . The storm main phase onset around ∼DOY 286.5 was caused by the arrival and impingement of a CIR onto the magnetosphere. The maximum Ap reached ∼70. Starting at DOY 288, a pure HSS with the peak velocity ∼770 km s −1 was observed. HILDCAA events occur during the storm recovery phase (Tsurutani et al., 2011b) . Average daytime low-latitude and middle-latitude VTEC values during the 2003 event were ∼54.7 and 24.82 TECU, correspondingly. Because of large standard deviations, it is difficult to determine when a maximum value was reached.
By comparing HSS events occurring at the onset of the declining phase of SC23 (Fig. 3) , and the late declining phase and the solar minimum (Fig. 1) (Fig. 3f) To quantify HSS effects of the average daily VTEC we estimated the correlation of VTEC in different latitude and local time ranges (the panels a-e of Table 2 . The VTEC and Ap index (2nd column) show modest correlations for daytime VTEC values (up to 54 %) and ∼61 % for low-latitude nighttime VTEC. To isolate a component in the VTEC series with a temporal behavior similar to the Ap index we applied standard digital filtering with the filter coefficients calculated from the Ap series. After a convolution with the filter, we estimate an Ap-like component in VTEC data which we refer as to the filtered VTEC. Such a procedure is similar to applying the Fourier transform to study a certain wave harmonic. Correlation between Ap and the filtered VTEC did not improve the results much (3rd column) and this shows a weak signal in noisy data. Then we cut off the quiet-time background with Ap < 15 and the resultant correlation coefficients (shown in red in the 4th column) showed a strong presence of Ap-like signal during moderately disturbed conditions. Alternatively, if we impose a solar wind velocity threshold of 500 km s −1 and calculate the correlation with the filtered VTEC (last column, in red), again there is a correlation between HSSs and filtered VTEC. It is interesting to note that there is no clear dependence of the correlation coefficients with filtered VTEC during disturbed intervals on local time or latitude range. However, we are cautious about the reliability of the nighttime VTEC results since the values are smaller than daytime values but have about the same standard deviations, i.e., the nighttime average data are noisy. Filtered NO emission power (Fig. 2, panel b) shows 61 % and 86 % correlations with Ap during moderately disturbed intervals (Ap > 15) in 2008 and 2009, correspondingly. There is a poor correlation with the solar wind speed. It is known that the NO emission power peaks during the CIR phase of CIR-type storms which occur before the HSS proper (Mlynczak et al., 2010b; . Thus, it is reasonable to assume that this parameter should relate to an activity index increase rather than an increase in the solar wind speed. We speculate that a higher correlation with activity index in 2009 than in 2008 can be due to the absence of moderate flares and very flat F10.7 (see Fig. 2 of Hunt et al., 2011) in 2009. Thus, thermospheric heating and cooling in 2009 could be almost solely determined by the geomagnetic activity.
Discussion
The behavior and variability of daily ionospheric VTEC values due to HSSs during 2008 and 2009 has been examined in this paper. Next we will discuss the roles of the disturbance dynamo (DD) induced by Joule heating and prompt penetrating electric field (PPEF) mechanisms in VTEC increases during HSS events. Tsurutani et al. (2006b) proposed that HILD-CAA events cause high-latitude heating and corresponding disturbance dynamo effects which in turn affect high-latitude VTEC intensities. High-latitude thermospheric heating in response to different polarity of IMF Bz has been extensively studied by McHarg et al. (2005) . They concluded that hemispherically integrated Joule heating increases dramatically in the post-midnight sector of the auroral zone during southward IMF intervals. This result, even though the authors did not separate ICME and CIR events, supports the above suggestion of efficient generation of disturbance dynamos during HSS events. The physical mechanism is the extended Alfvénic wave trains within the HSSs and explains the VTEC Lu et al. (2010) , Joule heating/dissipation is shown to be responsible for the enhanced thermospheric radiative emission by NO during geomagnetic disturbances. On the other hand, the disturbance dynamo mechanism does not account for the fast response (within ∼1 h) of VTEC enhancements in low-to middle-latitudes noted during CIR/HSS events . Koga et al. (2011) showed a prompt (about 1 h) ionospheric response in the displacement of the equatorial F-peak height during a HILDCAA event. Tsurutani et al. (2006b) and suggested that during HSS events moderate intensity interplanetary electric fields (IEFs) penetrate into low-to middlelatitude ionosphere, causing increases in daytime VTEC. The PPEF mechanism was originally invoked to explain extreme dayside VTEC increases and ionosphere uplifts during large geomagnetic storms around solar maximum (Tsurutani et al., 2004b Mannucci et al., 2005; Verkhoglyadova et al., 2006 . Kelley et al. (1979 Kelley et al. ( , 2003 first noted similar occurrences with substorms. According to this mechanism, the IEF E y component, if directed in a dawn-to-dusk direction, can cause a dayside ionospheric uplift. Figure 4 shows this geoeffective component (as positive values) together with the solar wind speed and SYM-H index for 2008-2009. The convection IEF E y is calculated with the solar wind flow velocity and the IMF (taken from the OMNI database). Note a general decline in the speed magnitude, magnetic storm intensity and E y magnitude from ∼4-6 mV m −1 to ∼2 mV m −1 throughout the interval from 2008 to 2009. There is a correspondence between peaks in E y and HSS occurrences in Fig. 4 , seen for example for days ∼5, 30, 40, 60, 110, 120, 170, 220, 230, 250, 300 and 340 in 2008 and ∼30, 45, 70, 100, 180, 200, 230 and 320 in 2009 . The correlation coefficient between the geoeffective IEF component and the solar wind speed is ∼98 % for both years (Table 3) . By definition this result indicates a high occurrence of geoeffective IEF component when the solar wind speed is high. Thus, there is a possibility of efficient driving of the low-to middle-latitude ionosphere by HSSs through moderate PPEFs. Another explanation is that electric field and current perturbations cause increases in magnetospheric convection and move the nighttime shielding layer equatorward, causing temporary undershielding and dawn-dusk middle-and low-latitude electric fields (see a review by Fejer, 2011) . We would like to note that PPEF effects are LT dependent, with southward IMF Bz causing geoeffective eastward ionospheric electric fields on the dayside and westward on the nightside (Tsurutani et al, 2004b . Thus, global VTEC averaging without LT separation may not reveal PPEF effects.
The SYM-H index during CIR-type storms is highly variable with the minima lined up with leading peaks in the solar wind speed (CIRs), maximum AE indices, and Ap peaks. However, a general correlation between the solar wind speed and SYM-H in 2008-2009 is low (Table 3, Fig. 4) . This result may indicate moderate and irregular (possibly nonlinear) ring current responses to southward IMF Bz throughout the "recovery" of the CIR storms or HSS proper. Soraas et al. (2004) observed sporadic night-side particle injection into outer shells L > 4 during HSS events. No injection to deeper shells was observed.
There is no correlation between SYM-H and IMF E y (Table 3). However, there is a higher anti-correlation with ASY-H index (Table 3 , last column). According to Sugiura and Chapman (1960) , the partial ring current is most asymmetric in the main phase of a geomagnetic storm and becomes increasingly symmetric during the recovery phase. Thus, it is possible that this correlation captures a relationship between main phase of the CIR storm and IMF E y .
HSSs proper (trailing CIRs) are associated with HILDCAAs which cause heating of the auroral ionosphere and particle precipitation. Previous studies (see a review in Tsurutani et al., 2004a) have indicated a high correlation between southward IMF B z in interplanetary Alfvénic wave trains and AE indices throughout the whole HSS intervals, which can be interpreted by efficient energy influx into the magnetosphere and auroral ionosphere during reconnection events. Analysis of Polar UVI images during HSS intervals has shown moderate auroral activity at all local times, which can spread up to the polar cap and last up to weeks . Thus, high-latitude energy deposition associated with HILDCAAs can cause efficient heating of the thermosphere (especially in auroral latitudes), onset of a DD and consequential cooling by the way of increased infrared emission. Mlynczak et al. (2003) proposed a mechanism of NO acting as an atmospheric thermostat during large magnetic storms. This mechanism can be responsible for the modulation of total infrared emission power by HSSs as well (Fig. 2, panels b, d and f) . A detailed study of ionospheric VTEC and thermospheric emission during WHI supports this assumption . Extensive modeling by Solomon et al. (2012) has shown that southward IMF B z is the most important factor in the thermospheric and ionospheric response to CIR and HSSs.
Recent TIE-GCM simulation results demonstrate the importance of the DD mechanism to capture the main features of zonal drifts at dawn and dusk during HSS events in 2005 (Pedatella and Forbes, 2011) . On the other hand, both this modeling and observations of neutral density (Lei et al., 2011) have shown an ∼0.5 to 1 day delay in response to external forcing. It has been suggested that this could be a global response time of the thermosphere to CIR forcing (Pedatella and Forbes, 2011) . We propose that the DD mechanism is important to explain global thermospheric and ionospheric dynamics during long-duration and moderate forcing within CIR/HSS intervals by the way of direct energy transfer into the high-latitude ionosphere. However, it will take several hours to a day to take place. PPEFs can be responsible for more prompt response (up to several hours), especially in the low-to middle-latitude ionosphere, for example observed by for March-April 2008. Figure 1 also shows larger responses in the −30 • to 30 • latitude range than in the 40 • to 60 • range, which agrees with the PPEF mechanism. During large magnetic storms PPEF can penetrate into the ionosphere for hours (Huang et al., 2005) . Observations during moderate geomagnetic activity indicate that penetration can take place for ∼one hour (see Fejer, 2011 , and references therein). Verkhoglyadova et al. (2011) estimated that geoeffective CIR/HSS can cause a moderate (up to 10 times lower than a superstorm) E y ∼ 5 mV m −1 with less than ∼1-2 h to create a response in the low-latitude ionosphere. Lai et al. (2011) provided an estimate of <1 mV m −1 based on COSMIC observations of dayside VTEC. The HSS proper is highly variable and is characterized by low to moderate geomagnetic activity associated with HILDCAA, which continues for weeks. Koga et al. (2011) concluded that there is an efficient coupling of the IEF and the equatorial ionosphere during a HILDCAA event. Wei et al. (2008) suggested that the interplanetary electric field (IEF) penetrates into the equatorial ionosphere during HILDCAA events via short-time (<3 h) dawn-dusk IEF pulses without shielding (see also Kelley et al., 2003 , for details on the physical mechanism). We suggest that HILDCAA with extended Alfvénic wave trains and southward excursions of IMF B z could drive observed global dayside VTEC (Fig. 1) by the PPEF mechanism especially at low-latitudes.
The auroras and current systems during HILDCAAs are different from other types of auroral activity. It was shown that AE increases in HILDCAAs and substorms are poorly correlated (Tsurutani et al., 2004a (Tsurutani et al., , 2006c , and can transfer large amounts of energy to the auroral region , thus efficiently starting the DD. Low and equatorial ionosphere studies performed during HSS intervals have shown complex longitudinal dependence of DD electric fields Sobral et al., 2006; de Siqueira et al., 2011) . The current understanding is that DD electric field effects on low-latitude ionosphere during HSS are LT dependent, moderate, long-lasting and can significantly modify the phenomenology of the ionosphere (inhibition of prereversal enhancement, plasma instability development, etc.). However, since DD and PPEF act in an opposite way it could be difficult to separate both effects in dayside observations. More observations are needed to reconstruct the complete picture of the ionospheric response in this case.
We would like to emphasize that in strictly physical terms, the bulk solar wind plasma flow (V) determines IEF with the MHD approximation of E =
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Thus, our description of the ionospheric response to external forcing during magnetic storms in terms of electric fields is merely convenient and traditional. In actuality, storm-time electric fields are generated through disturbances in plasma flows which in turn are determined by stresses acting on plasma (Vasyliūnas, 2001 (Vasyliūnas, , 2011 Tsurutani et al., 2008) .
Conclusions
Ionospheric daily VTEC values averaged in several latitude ranges during 2008-2009 (solar cycle minimum and MGA interval) were studied. Daytime low-and middle-latitude VTEC values are highly variable during CIR-HSS intervals. We suggest that there is an ionospheric response caused by a moderate geomagnetic activity due to external forcing. There is a certain correlation between peaks in daytime average VTEC, HSS events and elevated geomagnetic activity (Fig. 1 ). There were nighttime ionospheric responses to the HSSs during [2008] [2009] , especially in the filtered VTEC data. However, we would like to note the high variability (standard deviation) and low "noise-to-signal ratio" in nighttime VTEC, which makes it difficult to reach definite conclusions.
During 2008 Tsurutani et al. (2011a) .
A well-studied solar cycle declining phase interval, 10-22 October 2003 (Fig. 3) , was also analyzed. The maximum VTEC value during this interval (a single HSS) was up to ∼60 TECU (event average of ∼55 TECU). Thus, ionospheric VTEC during 2008-2009 was ∼60 % less on average. To estimate ionospheric response to external driving we calculated the difference between maximum and minimum daily averaged VTEC and normalized it by the average value. During the 2003 event, the response was only ∼14 % (8 TECU change), whereas the response during 2008-2009 (multiple HSSs) was ∼90 % (18 TECU) change in VTEC. However, we cannot attribute this variability to HSSs alone. It is noted that solar EUV radiation was different during these intervals. It declined from the event-averaged F10.7 value of ∼110 in 2003 to the annual average of ∼70 in 2008-2009. Further study is needed to provide enough statistics for comparison between ionospheric responses to HSS during different phases of the solar cycle.
We have noted larger values (compare Figs. 1 and 3) and daily data spread (gray-shaded regions) for the 2003 event compared to the HSS intervals in [2008] [2009] . The 2003 event was also more geoeffective (minimum SYM-H ∼ −80 nT) than events in the late declining phase and the solar minimum (SYM-H ∼ −50 to −30 nT, see Fig. 4 ). STEREO observations showed that low-latitude coronal holes predominant for a declining phase of the solar cycle started to "close down" and disappear by 2009 (de Toma, 2011) . Thus, the early declining phase of 2003 and the late declining phase of 2008 (and the solar minimum of 2009) had remarkably different solar conditions (see also Echer et al., 2011; Tsurutani et al., 2011a) . This effect can be responsible for different ionospheric responses during HSS intervals in the solar and geomagnetic minima.
Clear semiannual variation is seen in the daytime VTEC (Fig. 1) . It is tempting to associate the maxima with the equinoxes (Lal, 1998; Zhao et al., 2007; Lai et al., 2011) . However, the equinoxes occurred on ∼DOY 80 and 266, where the second date does not correspond to observed peaks. Moreover, the semiannual peaks in daytime low-and southern hemispheric middle-latitude VTEC (panels a and c) are shifted in relation to each other. The location and magnitude of the semiannual peaks could be due to changing amplitudes in 13.5-and 27-day solar rotational periodicities that were shown to affect energy transfer down to the Earth . Detailed study of this phenomenon is beyond the scope of this paper.
We used the daily averaged thermospheric NO emission power derived from SABER/TIMED measurements as a proxy for the radiation balance of the thermosphere. This event-averaged power was ∼ 2.0×10 11 W for the 2003 event (Fig. 2) . The annual estimate of NO infrared emission for the solar minimum year 2008 and the MGA year 2009 is decreased by ∼85 % in comparison to 2003. The solar cycle dependence of the thermosphere radiation balance and onset of the SC24 are discussed in Mlynczak et al. (2007 Mlynczak et al. ( , 2010a and Hunt et al. (2011) . We note variability in NO emission in connection with moderate geomagnetic activity during CIR/HSSs (Mlynczak et al., 2010b; . Increased auroral energy input for HSS proper (reflected in AE indices) and associated heating are likely driven by HILDCAAs.
To understand the mechanism of the solar windionosphere coupling during HSSs we analyzed the role of the prompt penetrating electric field (PPEF) mechanism. There is a correlation between geoeffective IEF intervals and HSS occurrences (Fig. 4) , and daytime VTEC variability (Figs. 1, 3) . It is plausible to suggest that the PPEF is responsible for a prompt (within several hours) ionospheric response during a CIR/HSS interval. HILDCAAs associated with HSSs can cause large and long-duration energy input into polar and auroral regions. This suggestion is in agreement with a large body of previous studies on low-latitude ionospheric response to moderate geomagnetic storms (Fejer . There is evidence of prompt equatorial ionospheric response and continuously penetrating IEF (Wei et al., 2008; Koga et al., 2011) during HILDCAAs. On the other hand, both PPEFs and DDs could contribute to a combined ionosphere/thermosphere response during a long "recovery" HSS phase several hours after the event onset. It should be noted by the reader that we did not consider other possible mechanisms of the ionosphere-thermosphere coupling during prolonged moderate geomagnetic activity in this study. Mechanisms involving neutral composition changes and disturbance winds can also cause variations of TEC during such activity intervals. To decide between possible mechanisms, a study with a higher temporal (hours) and spatial resolution is needed. Our goal was to show the external driving of TEC variability during a solar sunspot minimum interval and the relationship between CIR-HSSs features and global daily ionospheric and thermospheric responses.
